The GIL01 bacteriophage is a temperate phage that infects the insect pathogen Bacillus thuringiensis. During the lytic cycle, phage gene transcription is initiated from three promoters: P1 and P2, which control the expression of the early phage genes involved in genome replication and P3, which controls the expression of the late genes responsible for virion maturation and host lysis. Unlike most temperate phages, GIL01 lysogeny is not maintained by a dedicated phage repressor but rather by the host's regulator of the SOS response, LexA. Previously we showed that the lytic cycle was induced by DNA damage and that LexA, in conjunction with phageencoded protein gp7, repressed P1. Here we examine the lytic/lysogenic switch in more detail and show that P3 is also repressed by a LexA-gp7 complex, binding to tandem LexA boxes within the promoter. We also demonstrate that expression from P3 is considerably delayed after DNA damage, requiring the phage-encoded DNA binding protein, gp6. Surprisingly, gp6 is homologous to LexA itself and, thus, is a rare example of a LexA homologue directly activating transcription. We propose that the interplay between these two LexA family members, with opposing functions, ensures the timely expression of GIL01 phage late genes.
INTRODUCTION
Bacteriophages fall into two major types, depending on their developmental programmes on infecting a bacterial host cell. Lytic phages initiate the lytic cycle immediately after infecting a cell, leading to host cell lysis and death, whereas temperate phages (also referred to as lysogenic phages) can immediately engage in the lytic cycle or lie dormant inside the host for many generations. Dormant phages retain the ability to initiate the lytic cycle, usually in response to an external trigger that activates the phage regulatory machinery, e.g. DNA damage of the host's chromosome. The majority of known temperate phages insert their genomes into the host chromosome during lysogeny, where they are replicated at each cell division and are faithfully transmitted to progeny cells, whilst other lysogenic phage exist as an autonomously replicating entity. To date lysogeny has only been thoroughly studied in detail for a handful of phages, and yet it is clear that temperate bacteriophages have a great impact on bacterial evolution, leading to the rearrangement of bacterial genomes and acquisition of potent virulence determinants (1) .
The Tectiviruses are bacteriophages that share structural similarities with several eukaryotic and archaeal viruses (2, 3) . On account of these similarities, it has been suggested that Tectiviruses have played an important role in early eukaryotic evolution, being the precursors of Polintons (large eukaryotic DNA transposons), which are thought to have evolved into most of the large double-stranded DNA eukaryotic viruses observed today (3) . Tectiviral bacteriophages are characterized by a linear genome capped at both extremities by covalently bound terminal proteins that act as primers during DNA replication. In the mature phage particle, the linear genome is contained inside a protein-rich lipid membrane that is surrounded by a rigid protein capsid icosahedron with flexible spikes (4) . Most of the Tectiviruses characterized to date are lytic phages infecting enterobacteria (e.g. Escherichia coli and Salmonella enterica) and their genomes are highly similar, despite each phage originating from distinct geographical locations (5) . However, recent genomic analysis has indicated that the Tectiviridae are widely distributed, with Tectivirus-related elements being present in the genomes of Streptococcus, Exiguobacterium, Clostridium, Brevibacillus and Rhodococcus species, for example (6) (7) (8) . Temperate Tectiviruses have so far only been shown to infect the Bacillus cereus group, of which the opportunistic pathogens B. cereus, Bacillus thuringiensis and Bacillus anthracis are the most notable members (9) . The Tectivirus phage GIL01 infects the insect pathogen B. thuringiensis and can establish a stable lysogenic state inside the cell, where it resides as a 15-kbp extrachromosomal linear replicon ( Figure 1A ) (10) . Lysogeny is stably perpetuated over generations until the host cell experiences genomic stress and DNA damage, and this is the inducer for GIL01 resurrection, with DNA replication, particle formation and host cell lysis being initiated (10, 11) .
For GIL01, the decision to enter the lytic or lysogenic life cycle is controlled by three promoter regions (P1, P2 and P3), which likely guide the transcription of all predicted 30 phage genes in the same direction ( Figure 1A ). The tandem P1 and P2 promoters, at the extreme left of the GIL01 genome, control the expression of the phage early genes involved in genome replication and transcription regulation ( Figure 1A ) (11, 12) . In contrast to most temperate phages, which encode their own repressor of the lytic cycle, phage GIL01 exploits the host's LexA repressor to regulate its lifestyle choices (11) (12) (13) . LexA is the repressor of the SOS response to DNA damage in bacteria and, in Grampositive bacteria, recognizes and binds to palindromic sequences at promoters controlling the expression of DNA repair genes and of several other genes involved in bacterial virulence and evolution (14, 15) . DNA damage, such as that inflicted by genotoxic agents or caused by spontaneous DNA breaks during replication, triggers LexA selfcleavage and the expression of the SOS regulon (13) . In phage GIL01, host LexA binds downstream of P1 to a site named dinBox1, repressing the expression of genes involved in phage genome replication. Previously, we demonstrated that the small GIL01-encoded gp7 polypeptide formed a complex with LexA, and enabled it to bind to a second lowaffinity LexA box, dinBox1b (12, 13) . In doing this gp7 stabilized LexA binding to the promoter DNA, without binding the DNA itself, and prevented LexA auto-cleavage and premature phage reactivation. The internal lytic promoter P3 controls the expression of the GIL01 capsid and lytic genes (11, 16) . Like P1, P3 appears to be regulated by host LexA in vivo, with LexA potentially binding to two proposed sites, dinBox2 and dinBox3 ( Figure 1A ) (11, 12) . Here, we show that LexA binds these sequences and that gp7 also forms a complex with LexA, to alter repressor binding to these two sites. We also show that DNA damage alone is not sufficient to trigger expression from P3 and that P3 requires the expression of a second small GIL01-encoded protein, gp6. Using in vitro and in vivo approaches, we show that gp6 directly activates transcription from P3 and identify its DNA binding site within the P3 promoter. As gp6 is a truncated homologue of LexA, this is the first example of a promoter controlled by diverse LexA family members, with opposing functions. We, therefore, propose that the dependence of P3 on both gp6 and LexA is a mechanism that ensures that the expression of the GIL01 late genes, encoding capsid and lytic proteins, is delayed and only occurs on the accumulation of gp6 protein after sustained DNA damage.
MATERIALS AND METHODS

Bacterial strains and culture conditions
All strains and plasmids used in the study are presented in Supplementary Table S1 . The B. thuringiensis serovar israelensis GIL01-lysogenic host, GBJ338, and the GIL01-cured strain, GBJ002 (11, 17) , were grown aerobically in L-broth at 30
• C. Derivatives of the lacZ reporter plasmid pHT304-18Z, pDin1, carrying the P1-lacZ promoter fusion and pDin3, carrying the P3-lacZ promoter fusion (11), were maintained in B. thuringiensis by supplementing media with 25 g/ml erythromycin. To express gp6 in B. thuringiensis, GBJ002 cells, carrying plasmid pDin3 and the gp6 overexpression plasmids pDG6 or pDG6 K38A, were grown in L-broth supplemented with 25 g/ml erythromycin and 25 g/ml kanamycin, and expression was induced with 0.1 mM isopropyl ␤-D-1-thiogalactopyranoside (IPTG) 1 h after sub-culturing cells into fresh L-broth (1:100). To induce DNA damage, 50 ng/ml mitomycin C was added 3 h after inoculation to exponentially growing B. thuringiensis cultures. At selected time points, 20 l of each culture was assayed for ␤-galactosidase activity as described in (11) . Plasmid pSR/GIL01 P3 and pET8c derivatives pgp6 and pgp6 K38A were maintained in E. coli cells by the addition of 100 g/ml ampicillin to cultures.
Plasmid construction
ORF6 from phage GIL01 (coordinates 4350 through 4550; GenBank accession number AJ536073) was polymerase chain reaction (PCR) amplified, using Vent DNA polymerase (NEB) with primers gp6 u and gp6 d flanked by BamHI and MluI sites (oligonucleotides are listed in Supplementary Table S2 ). Purified PCR product was digested with BamHI and MluI and cloned into expression vector pET8c (Novagen), generating plasmid pgp6, which was used to overexpress gp6 protein carrying an N-terminal hexahistidine-tag (His 6 ) and a thrombin cleavage site. To create the pgp6 K38A plasmid, which overexpresses the gp6 K38A mutant protein, substitutions were introduced in plasmid pgp6 using the QuikChange site-directed mutagenesis kit (Stratagene) with primer pair K38A u and K38A d and pgp6 as a template, according to manufacturer's instructions. To construct plasmid pDG6 for IPTG-induced expression of gp6 in B. thuringiensis, ORF6 was PCR amplified using primers gp6BT u and gp6BT d flanked by XbaI and SphI sites and cloned into XbaI-and SphIdigested pDG148 plasmid. To construct plasmid pDG6 K38A, the pDG6 plasmid was amplified using Phusion high-fidelity DNA polymerase (NEB) with a pair of complementary primers carrying the K38A mutation, K38A u figure also shows measured ␤-galactosidase activities of (B) the Bacillus thuringiensis GIL01 lysogenic strain, GBJ338, carrying a promoter P1-lacZ fusion and (C) GBJ338 and its GIL01-cured derivative, GBJ002, each carrying a promoter P3-lacZ fusion. Where indicated, a sub-inhibitory concentration of mitomycin C (MMC50, 50 ng/ml) was added at time 0. Each value represents the mean ± standard deviation of three independent measurements. and K38A d. Amplification was carried out for 16 cycles of 95
• C for 30 s, 53
• C for 60 s and 72
• C for 180 s. The resulting DNA was DpnI-treated to digest away the methylated template DNA and the newly synthesized pDG6 K38A mutant DNA was propagated in the E. coli dam − strain JW3350 before being electroporated into B. thuringiensis GBJ002 cells. The GIL01 P3 promoter fragment, which carries the GIL01 P3 promoter, was amplified using primers GILp3 (up) and GILp3 (down) with GIL01 DNA as template. Purified PCR was restricted with EcoRI and HindIII and cloned into plasmid pSR to generate pSR/GIL01 P3. Plasmid DNA was then used as template for in vitro transcription assays and as a source of GIL01 P3 promoter fragment DNA for both electrophoretic mobility shift assay (EMSA) and DNase I footprinting analysis.
Purified proteins
Purified Bacillus subtilis RNA polymerase holoenzyme, complexed with the SigA sigma factor in 50 mM Tris-HCl (pH 8.0), 100 mM NaCl, 3 mM ␤-mercaptoethanol and 50% glycerol (18) , was kindly donated by Dr Libor Krasny (Chech Academy of Sciences, Chech Republic). Note that the corresponding RNA polymerase subunits from B. subtilis and B. thuringiensis are highly similar and that B. subtilis RNA polymerase holoenzyme can transcribe B. thuringiensis genes (19) . Recombinant B. thuringiensis LexA (coordinates 3 624 082 through 3 624 714; GenBank accession number: CP 001186) and GIL01 gp7 (coordinates 4564 through 4716; GenBank accession number AJ536073), carrying N-terminal His 6 -tags, were overexpressed in E. coli strain M15 from plasmids pQELexA and pQE7 and purified as previously described in (12) . To overexpress recombinant gp6 and gp6 K38A proteins, carrying N-terminal His 6 -tags and the thrombin cleavage site, BL21(DE3) pLysE cells, carrying either pgp6 or the pgp6 K38A plasmid, were grown aerobically at 37
• C in 500 ml of L-broth supplemented with ampicillin (100 g/ml) and chloramphenicol (25 g/ml) to an optical density at 600 nm (OD 600 ) of 0.5. The culture was cooled to 20
• C and 0.6 mM IPTG was added to the culture. After 4 h of growth at 20
• C, with shaking at 180 rpm, cells were harvested and the Nterminally His 6 -tagged gp6 and His 6 -gp6 K38A were affinity purified by Ni-chelate chromatography (Qiagen), with columns pre-equilibrated, washed and proteins eluted with buffer A (50 mM NaH 2 PO 4 , 0.3 M NaCl, pH 8.0) containing 10, 20 or 250 mM imidazole, respectively. A Slide-ALyzer dialysis cassette with 3.5-kDa molecular weight cutoff (Thermo Scientific) was used to exchange the elution buffer directly into 20 mM Tris-HCl (pH 7.3), 140 mM NaCl, 5 mM ethylenediaminetetraacetic acid (EDTA), 2 M dithiothreitol (DTT) and stored at −80
• C. For simplicity, all the tagged proteins will be referred to in future without reference to the His 6 moiety (e.g. LexA, gp6, gp6 K38A and gp7). The concentration of the recombinant LexA, gp7, gp6 and gp6 K38A proteins was determined using NanoDrop1000 (Thermo Scientific) and the extinction coefficients at 280 nm used were 7450, 2980, 4470 or 4470 M 
EMSA analysis
For EMSA experiments, involving P3 promoter fragments that carried dinBox2 and/or dinBox3 in various combinations, DNA probes were generated using PCR with oligonucleotides EMSA7 to EMSA10. Products were purified, P 32 end-labelled and the interaction of LexA and complexed gp7 was assayed as described in (12) . EMSA experiments investigating the interaction of LexA, gp6 and gp6 K38A used purified AatII-HindIII GIL01 P3 promoter fragment, obtained from pSR/GIL01 P3. Purified DNA fragment was again P 32 end-labelled and EMSA analysis was carried out as in (20) . Data from experiments were visualized and quantified using a Bio-Rad Molecular Imager FX and Quantity One software.
DNase I footprint analysis
To assay the interaction of LexA and gp7 with the GIL01 P3 promoter region using DNase I footprinting, EMSA7 and EMSA10 oligonuleotides, flanking P3, were used to amplify the 200 bp probe and the upper DNA strand was P 32 end-labelled. DNase I footprinting experiments were performed as detailed in (12) . For experiments investigating the interaction of LexA and gp6, purified AatII-HindIII GIL01 P3 promoter fragment was P 32 end-labelled on the bottom strand and DNase I footprinting was performed as in (21) . Samples were analyzed by gel electrophoresis using denaturing polyacrylamide gels, containing 1× Tris-borate-EDTA (TBE), and were calibrated with Maxam-Gilbert 'G+A' sequencing reactions of the labelled fragment. Gels were analyzed and quantified using a Bio-Rad Molecular Imager FX and Quantity One software (Bio-Rad).
In vitro transcription assays
In vitro transcription assays were carried out as detailed in (22) using purified gp6 and LexA proteins, purified B. subtilis RNA polymerase and pSR/GIL01 P3 plasmid as template. Samples were loaded onto a denaturing polyacrylamide gel, containing 1× TBE, which was calibrated using P 32 end-labelled 100 bp ladder (NEB). Gels were analyzed using a Bio-Rad Molecular Imager FX and Quantity One software (Bio-Rad).
Surface plasmon resonance assays
The surface plasmon resonance (SPR) measurements were performed on a Biacore T100 (GE Healthcare) at 25
• C. Approximately 30 response units (RU) of 3 -biotynilated S1 primer was immobilized on the flow cells of a streptavidin chip previously equilibrated in running buffer (25 mM TrisHCl (pH 7.4), 140 mM NaCl, 5 mM EDTA, 2 mM DTT, 0.1 mg/ml bovine serum albumin, 0.005% surfactant P20). To prepare double-stranded DNA fragments carrying the putative LexA or gp6 target sequences within the P3 promoter, complementary primers (denoted as primer name u and primer name d) (Supplementary Table S1 ) were annealed using a temperature gradient as described in (12) . The resulting DNA probes were 36-89 bp long and carried a 15 nt overhang complementary to the SPR chip-immobilized S1 primer at their 5'-end. A total of 30-100 RU of each DNA probe was immobilized onto each flow cell 2 at 2 l/min, as detailed in the figure legends. The interaction between chipimmobilized DNAs and gp6, gp7, and LexA in different combinations was studied by injecting solutions at the desired protein concentration in running buffer at a rate of 100 l/min. Regeneration of the sensor surface was performed with 50 mM NaOH for 10 s. SPR experiments were performed at the Infrastructural Centre for Analysis of Molecular Interactions at the Department of Biology, University of Ljubljana.
Bioinformatics
Clustal Omega (23) was used to align nucleotide and amino acid sequences and figures were created using BoxShade (https://embnet.vital-it.ch/software/BOX form. html). To construct the homology model of GIL01 gp6, we used SWISS-MODEL (24) and the crystal structure of the Thermotoga maritima LexA repressor as a template (PDB ID: 3k2z). Visualization and superposition of gp6 model and the crystal structure of the DNA bound E. coli LexA repressor (PDB ID: 3jso) (25) were performed using the Visual Molecular Dynamics program (26) .
RESULTS
The P3 lytic promoter is repressed by a LexA-gp7 complex and requires a phage-encoded factor for induction Previously, we investigated the regulation of the GIL01 P1 promoter and demonstrated that expression from this promoter was induced by DNA damage and that P1 was coordinately regulated by LexA and the small GIL01 phageencoded protein, gp7 ( Figure 1A ) (11) . To investigate the regulation of the GIL01 P3 promoter, a 227-bp DNA fragment, carrying the P3 promoter region, was cloned into the low-copy-number lacZ reporter plasmid pHT304-18Z and ␤-galactosidase expression was determined in the B. thuringiensis strain GBJ338 (a GIL01 lysogen) after mitomycin C-induced DNA damage. Expression from P3 was compared to a P1-lacZ promoter fusion in the same strain background over time (12) . Results in Figure 1 show that while P1 was induced in the lysogenic strain after 30 min of exposure to mitomycin C ( Figure 1B) , P3 expression was also induced by DNA damage but induction was delayed by 1 h ( Figure 1C) . Interestingly, when P3 expression was examined in the B. thuringiensis strain GBJ002, which has been cured of GIL01, mitomycin C-induced DNA damage failed to stimulate expression from P3, suggesting that phage-specific factors might also control the P3 promoter ( Figure 1C) .
Inspection of the DNA sequence downstream of the P3 −35 promoter element revealed two putative targets for the LexA repressor, which were previously designated dinBox2 and dinBox3 ( Figure 1A ). As this suggested that LexA might directly control P3 in response to DNA damage, we investigated whether LexA bound to these targets using EMSA with purified LexA and radiolabelled DNA fragments that carried either the dinBox2 and dinBox3 LexA sites individually or in combination. Results in Figure 2 reveal that LexA could bind to all DNA fragments tested, suggesting that LexA can bind independently to each LexA op- erator (Figure 2A and B) and occupy both sites simultaneously ( Figure 2C ). DNase I footprinting analysis of the radiolabelled P3 promoter region, using purified LexA protein, also confirmed that LexA bound to these sites ( Figure 2D ). Additional experiments, using SPR analysis, indicated that the LexA repressor bound to these sites in a concentrationdependent manner and that LexA DNA binding was particularly stable (Supplementary Figure S1) , implying that dinBox2 and dinBox3 are high-affinity operators, which is the characteristic of SOS genes expressed late in the DNA damage response (27) . Furthermore, the mutation of these LexA boxes completely abolished LexA binding in SPR analysis, confirming that LexA specifically recognizes dinBox2 and dinBox3 (Supplementary Figure S1D) . Thus, we conclude that LexA binds specifically to two high-affinity sites within the GIL01 P3 promoter, dinBox2 and dinBox3.
As we previously showed that the phage-encoded gp7 protein forms a complex with LexA and enables the repressor to occupy sites at the P1 promoter to establish the lysogenic cycle (11, 12) , we examined if gp7 could also modulate LexA binding at the P3 promoter. This was initially investigated using EMSA analysis, which demonstrated that gp7 protein could bind to this LexA-DNA complex by generating a shift of higher molecular weight ( Figure 2C ). The association of gp7 with the LexA-DNA complex was also confirmed using SPR analysis (Supplementary Figure S2) . Note that gp7 alone does not bind to the DNA ( Figure  2C and Supplementary Figure S2) (12) . DNase I footprint analysis was also used to study LexA-gp7 binding to the P3 promoter and indicated that gp7 altered the interaction of LexA with the P3 promoter region, as the DNase I hypersensitive sites observed immediately downstream of the −10 promoter element were altered ( Figure 2D ). This is indicative of a local narrowing of the DNA minor groove and stabilization of the DNA helix by LexA in conjunction with gp7 (28, 29) . Thus, we conclude that the phage-encoded protein gp7 modulates the binding of LexA to dinBox2 and dinBox3 by altering the architecture of the LexA-DNA complex.
As dinBox2 and dinBox3 are separated by approximately two DNA helix turns, it is possible that this sequence organization is required for gp7 to interact with both dimers of The panel shows measured ␤-galactosidase activities from Bacillus thuringiensis GBJ002 cells, which have been cured of GIL01, and carry a P3-lacZ transcriptional fusion. Cells also carried plasmid pDG6, which expresses gp6 from an IPTG-inducible promoter. To induce the SOS response, a sub-inhibitory concentration of mitomycin C (MMC50, 50 ng/ml) was added to exponentially growing cells at time 0. Expression of gp6 was induced 2 h before mitomycin C exposure by the addition of 0.1 mM IPTG. Each value is the mean ± SD of three independent measurements. (B) The panel shows an in vitro transcription assay using plasmid pSR/GIL01 P3, which carries the P3 promoter. Transcription was initiated from P3 by the addition of purified Bacillus subtilis RNA polymerase, carrying the SigA sigma factor, and proceeds to the strong λoop transcription terminator within pSR/GIL01 P3, producing a single 156-nt long transcript (indicated by an arrow). The concentration of gp6 in lanes 1-4 was 0, 0.3, 0.6 and 1.35 M, respectively. All lanes contain 30 nM B. subtilis RNA polymerase. A representative gel is shown and experiments were performed in triplicate. Note that the large transcripts at the top of the gel result from RNA polymerase initiating transcription from other promoter sites on the pSR plasmid, which is used as a template. These produce larger transcripts than the P3 transcript and so have more radioactivity incorporated and are more prominent. In the presence of gp6, RNA polymerase is directed to the P3 promoter, leaving less RNA polymerase to initiate transcription from other promoter sites on the plasmid (lane 4) and this results in a decrease in the level of these larger transcripts.
LexA, when bound to the DNA. To investigate this, we inserted either five or ten nucleotides between the two LexA operators, separating LexA repressor molecules by a halfor one-DNA helical turn, respectively, and examined the binding of LexA and gp7 using SPR. Results showed that gp7 protein was able to complex with LexA bound to each of the DNA fragments tested, regardless of operator spacing (Supplementary Figure S3) . Thus, our data suggest that at the P3 promoter gp7 acts on individual LexA repressor dimers.
The small phage protein gp6 activates expression from the P3 lytic promoter
Of the 8 early genes involved in GIL01 regulation and replication ( Figure 1A ), ORF1 and ORF6 are the only genes with predicted regulatory functions, as their products possess obvious DNA binding motifs (10, 16) . Since ORF1 has been linked to establishing and maintaining the lysogenic cycle (11), we examined the role of the ORF6 gene product, gp6, in the GIL01 lytic/lysogenic switch. To investigate whether gp6 regulates the P3 promoter, we examined the expression from the P3-lacZ construct in B. thuringiensis strain GBJ002, which has been cured of GIL01, when gp6 was expressed from an IPTG-inducible promoter. Figure 3A shows that gp6 expression alone was insufficient to induce transcription from P3. However, when coupled with DNA damage, induced by mitomycin C exposure, gp6 expression dramatically triggered transcription from P3 by up to 11-fold. To confirm that phage-encoded gp6 directly activates transcription at the P3 promoter, we purified recombinant gp6 protein and performed in vitro transcription assays, catalyzed by the B. subtilis RNA polymerase holoenzyme, carrying the SigA sigma factor (18) . Results in Figure  3B show that the expected 156-nt transcript was generated from P3 in the presence, but not in the absence, of gp6, confirming that gp6 is a direct activator of transcription at P3. Thus, our data indicate that expression from the P3 lytic promoter requires two signals, DNA damage, which relieves LexA binding, and expression of gp6, which is required to activate transcription initiation at P3. 
The gp6 activator binds to a DNA site overlapping the −35 promoter element
To investigate the interaction of gp6 with the P3 promoter region, we examined the binding of purified gp6 and LexA proteins to a 240-bp P3 promoter fragment, using EMSA analysis. Results in Figure 4A show that gp6 bound to the P3 promoter DNA and that both gp6 and LexA can bind to the promoter simultaneously as super-shifted species were detected ( Figure 4A: lanes 11-13) . To identify the gp6-binding site at the P3 promoter, we used DNase I footprinting with an end-labelled P3 promoter fragment and purified gp6 and LexA protein. Results in Figure 4B show that gp6 binds to a sequence overlapping with the potential −35 element (lanes, 2-4), which is a typical location for a class II activator to bind and interact directly with RNA polymerase (30) . Furthermore, when LexA was present (lanes, 5-8) it protected both dinBox2 and dinBox3 and did not appear to interfere with gp6 association. It is of note that the LexA-induced hypersensitive bands observed between dinBox2 and dinBox3 are altered by the inclusion of gp6, suggesting that gp6 might subtly alter LexA binding to the P3 promoter. In addition, we used SPR analysis to examine the concurrent binding of gp6 and LexA to a DNA probe, carrying the P3 −35 element and the downstream dinBox2 and dinBox3 boxes ( Figure 5A-C) . Data in Figure 5 confirm that when saturating concentrations of both gp6 and LexA were present, the two proteins simultaneously bound P3 without interference, as traces for concurrent binding are the sum of the values when each protein was present individually.
Inspection of the region protected by gp6 in our footprint analysis ( Figure 4B ) identified a palindromic sequence (GaCACACGTGTGaC), centered at position −43.5 up- Figure 5 . Real-time analysis of LexA and gp6 binding to the P3 promoter. The figure shows SPR sensorgrams of (A) LexA, (B) gp6 and (C) LexA and gp6 binding to an immobilized P3 promoter fragment. Sensorgrams are also shown of gp6 binding a shorter 36 bp DNA fragment, carrying the (D) wild-type and (E) a mutated gp6 target site. Proteins were injected over the immobilized DNA (∼30 RU) for 120 s at 100 l/min. The DNA fragments used in these experiments are schematically represented above the graphs. The promoter elements are marked with black boxes, orange boxes show the position of LexA dinBox2 and dinBox3, and the green pentagon represents the gp6-binding site. The GIL01 genome coordinates of fragments are also given. In panels (D) and (E) the gp6-binding site, as determined by DNase I footprint analysis, is shown boxed, and in (E), base substitutions are shown in red. In each case, representative sensorgrams are shown and the experiments were performed in duplicate.
stream of the P3 transcription start site (+1) ( Figure 1A) . Therefore, to identify important bases in the gp6-binding site, we introduced three substitutions into this region and monitored their effect on gp6 binding, using SPR analysis (Supplementary Figure S4 ; Figure 5D and E). Our results show that single point mutations decreased the stability of gp6 binding and that combining all three substitutions completely abolished binding. Thus, we have identified crucial sequences for the interaction of gp6 with the P3 promoter region.
The gp6 activator protein is a truncated homologue of the LexA repressor
Bioinformatic analysis of gp6 indicated that it is a truncated LexA homologue, primarily consisting of the LexA DNAbinding domain, and alignment of gp6 with the corresponding region of B. thuringiensis LexA revealed that the two proteins possess 44% sequence identity in this region (Figure 6A) (31) . Therefore, to gain more insight into the structure of gp6, we generated a homology model of GIL01 gp6, using the crystal structure of Thermotoga maritima LexA repressor (PDB ID: 3k2z). This model was then superimposed onto the structure of E. coli LexA bound to DNA (PDB ID: 3jso) (25) , with the backbone trace of gp6 overlaid with LexA DNA-binding domain ( Figure 6B ). This gp6 homology model suggests that similar to LexA, gp6 is composed of a helix-turn-helix (HTH) motif containing three ␣-helices followed by a 14-residue C-terminus extension that folds into two-strand ␤-sheet to form the characteristic LexA winged HTH motif. It is of note that the side chain of lysine 38 (K38), within the gp6 HTH recognition helix, would be potentially positioned to protrude into the DNA major groove and make contacts with the target DNA sequence ( Figure 6B ). Therefore, to investigate this and gain support for our gp6 structural model we performed site-directed mutagenesis on gp6, changing the lysine at position 38 to ala- Figure 5D ). The protein concentrations tested were 2.34, 4.69, 9.4, 18.8, 37.5, 75 or 150 nM for both proteins. Proteins were injected over the immobilized DNA (∼100 RU) for 120 s at 100 l/min and dissociation was followed for 240 s. Representative sensorgrams are shown and the experiments were performed in duplicate. (E) ␤-Galactosidase activities from B. thuringiensis GBJ002 carrying a P3-lacZ transcriptional fusion and either plasmid pDG6 or pDG6 K38A, which express gp6 or the gp6 K38A derivative, respectively, from an IPTG-inducible promoter. To induce the SOS response, a sub-inhibitory concentration of mitomycin C (MMC50, 50 ng/ml) was added to exponentially growing cells at time 0. Expression of gp6 was induced 2 h before mitomycin C exposure by the addition of 0.1 mM IPTG. Each value is the mean ± SD of two independent measurements. nine to generate the gp6 K38A mutant protein. The overexpression and purification of soluble gp6 K38A protein was similar to that experienced for wild-type protein; however, EMSA and SPR analysis clearly indicated that gp6 K38A was unable to interact with its binding site at the P3 promoter ( Figure 6C and D) . In support of this, the expression of gp6 K38A in B. thuringiensis GBJ002 cells failed to activate transcription from P3, even when coupled with DNA damage ( Figure 6E ). Thus, our data strongly suggest that like LexA, gp6 is a member of the 'winged helix' family of DNA binding proteins and that residue K38 is important for its DNA binding site recognition.
DISCUSSION
On infection of B. thuringiensis, phage GIL01 can establish a lysogenic state, which is stably maintained until its host experiences severe DNA damage (10, 11) . This process is controlled by the host's SOS regulator, LexA, which represses the P1 promoter that is responsible for driving the expression of the GIL01 early genes. To gain more insight into the biology of GIL01, we investigated the lytic/lysogenic switch in more detail by examining the regulation of the P3 lytic promoter, which controls the expression of GIL01 capsid and host lysis genes. We show that like P1, the P3 promoter is switched on by DNA damage, but that expression from P3 is delayed in comparison. We show that this regulation is achieved by the coordinated interplay between host-encoded LexA and two small phage proteins, gp7 and gp6, at the P3 promoter region and propose that this complex regulation is required to ensure timely expression of the GIL01 late genes.
Previously, we demonstrated that at the P1 promoter, LexA formed a complex with GIL01-encoded gp7 to enable LexA to bind to the poorly conserved, low-affinity LexA box dinBox1b and, thus, repress transcription (12) . Our SPR analysis and DNase I footprint experiments at the P3 promoter indicate that gp7 can also interact with LexA at high-affinity sites (i.e. dinBox2 and dinBox3) (Figure 2 and Supplementary Figure S2) . Experiments in which the spacing between dinBox2 and dinBox3 was altered, moving these sites around the DNA helix (Supplementary Figure  S3 ) had no effect on the binding of the LexA-gp7 complex and indicated that complex formation is independent of operator spacing. Since gp7 has been shown to also interact with the well conserved lexA and recA promoters in B. thuringiensis, this suggests that such a LexA-gp7 complex likely affects all LexA-regulated promoters within the cell (12) . Interestingly, gp7 is found in the genomes of many Tectiviruses (Supplementary Figure S5) , some of which are carried by important human pathogens (e.g. B. cereus, B. anthracis and Streptococcus pneumoniae). Thus, it is possible that gp7 modulation of LexA binding is a common mechanism used by this family of phage to modify the SOS response of their host.
Experiments with a P3-lacZ fusion in the GIL01-cured host (Figures 1 and 3 ) demonstrated that, in addition to DNA damage, the phage-borne factor, gp6, was required to directly activate transcription from the P3 promoter. Analysis of gp6 and LexA binding (Figures 4 and 5) indicated that both proteins could bind to P3 simultaneously, without interference, and that gp6 binds to an upstream sequence overlapping the proposed P3 −35 element sequence, centered at position −43.5. The positioning of this motif suggests that gp6 activates transcription by interacting directly with RNA polymerase to aid recruitment of polymerase to the promoter DNA, as is observed for other transcription factors (30) . Intriguingly, gp6 is homologous to the Nterminal DNA binding domain of LexA (Figure 6 ). Thus, at the P3 promoter two LexA family members, with opposing functions, control transcription. Like gp7, gp6 homologues are found in a number of Tectiviruses genomes (Supplementary Figure S6) , suggesting that the gp6 coding sequence was originally acquired from a bacterial host and evolved to recognize a distinct nucleotide sequence at P3 and activate transcription. It is of note that although LexA represses transcription at the majority of promoters, examples of LexA-mediated activation have been observed (32) (33) (34) . The widespread occurrence of gp6 in various Bacillus species (Supplementary Figure S6) also suggests that the activation of late gene expression by gp6 homologues may be a common mechanism of regulation in temperate Tectiviruses. In accordance with this, the gp6 palindromic binding sequence identified at P3 (GaCACAnnTGTGaC) is conserved in many Tectiviruses (35) (Supplementary Figure S7) as is the lysine at position 38 (K38) in gp6, which we demonstrate is important for gp6 binding to P3 ( Figure  6 and Supplementary Figure S6) .
Based on our data, we propose a regulatory model to explain how GIL01 is able to switch from a dormant lysogen into the lytic cycle ( Figure 7) . We propose that in unstressed cells, low-level expression from the P1 promoter, and possibly P2, leads to the expression of gp7 and other early gene products. However, the association of gp7 with LexA further represses P1 and keeps levels of gp6 below the threshold required for P3 induction, maintaining lysogeny ( Figure  7A ). After significant and sustained DNA damage ( Figure  7B ), intracellular levels of LexA drop considerably, leading to the dissociation of LexA from the P1 and P3 promoter regions. The P1 promoter is now fully active and high-level expression and accumulation of gp6 ensue. Once gp6 levels are sufficient, gp6 can directly activate transcription at P3, resulting in the expression of GIL01 late genes and the eventual lysis and death of the host cell.
The delayed expression of the GIL01 late genes from P3 is reminiscent of the expression profile observed for the colicin E8 (cea8) and colicin K (cka) genes in E. coli (13, 36, 37) . For both the GIL01 late genes and colicin operons, product expression is suicidal for the host bacterium and so, the promoters controlling their expression are tightly repressed. In the case of colicins, expression is delayed due to co-regulation by LexA and an additional host repressor (e.g. AsnC or IscR), which ensures that their production only occurs after prolonged DNA damage and nutrient starvation (13, 36, 37) . For the GIL01 P3 promoter an alternative mechanism has evolved, which ensures that late gene expression is dependent both on DNA damage, via LexA, and expression of an early phage gene, gp6. In addition to this, GIL01 deploys gp7 to directly modulate the host's response to DNA damage, to affect both phage and host LexA-promoters alike. Recently, it has been shown that the modulation of LexA can affect the response of bacteria to certain antibiotics (38) . Thus, the widespread occurrence of virally encoded gp7 homologues in the genomes of various human pathogens could mean that lysogeny by Tectiviruses has important implications for antibiotic resistance in these important bacterial species.
